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Abstract

Introduction: Erythropoietin (EPO) mobilizes endothelial progenitor cells and pro-
motes neovascularisation in heart failure. We studied the effects of EPO on pulmo-
nary vascular and cardiac remodeling in a model for flow-associated pulmonary 
arterial hypertension (PAH). 

Methods: PAH was created in adult male Wistar rats by the injection of monocro-
taline combined with an abdominal aortocaval shunt one week later. Immediately 
afterwards, rats were randomized to treatment with EPO or control treatment. Three 
weeks later, pulmonary and systemic hemodynamics, and right ventricular and pul-
monary vascular remodeling were evaluated. 

Results: Vascular occlusion of the intra-acinar pulmonary vessels (13.4 ± 0.7% in 
PAH + EPO vs. 16.7 ± 1.3% in PAH, p = 0.038) and medial wall thickness of the 
pre-acinar arteries (wall to lumen ratio 0.13 ± 0.01 in PAH + EPO vs. 0.17 ± 0.01 
in PAH, p = 0.01) decreased after treatment with EPO. Moreover, right ventricular 
capillary density was increased by therapy (2322 ± 61 capillaries/mm2 in PAH + 
EPO vs. 2100 ± 63 in PAH, p = 0.02). Increased mean pulmonary arterial pressure 
and decreased right ventricular contractility in the model were not altered by EPO 
treatment.

Conclusion: In this rat model of flow-associated PAH, EPO treatment beneficially 
affected pulmonary vascular and cardiac remodeling. These histopathological effects 
were not accompanied by significantly improved hemodynamics. 

.
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Introduction

Erythropoietin (EPO) is best known for its role in hematopoiesis as a hypoxia-
induced hormone that leads to the proliferation and differentiation of erythroid 
precursor cells. More recently, EPO has shown to exert pleiotropic effects. It displays 
cytoprotective properties in acute brain and cardiac ischemia, associated with 
inhibition of apoptosis 1-4. Moreover, in experimental heart failure, it has been 
demonstrated that improved cardiac function after EPO treatment is associated with 
formation of new vessels 5.  
Pulmonary arterial hypertension (PAH) is a disease in which pulmonary vascular 
remodeling leads to increased pulmonary vascular resistance and consequently to 
right ventricular failure. EPO administration in the hypoxic rat model for pulmonary 
hypertension reduces pulmonary vascular remodeling, without effects on right 
ventricular hypertrophy or pulmonary pressures 6. Furthermore, transgenic mice 
with increased EPO production appeared to be less sensitive to the development 
of hypoxic pulmonary hypertension 7. In a recent study, mice lacking the EPO-
receptor had an accelerated development of pulmonary hypertension under hypoxic 
conditions with more pronounced pulmonary vascular remodeling 8.
Hence, EPO may play an important role at multiple levels in the development of 
pulmonary vascular disease in PAH. EPO treatment could have beneficial effects in 
pulmonary hypertension either by improving capillarisation of the hypertrophied 
myocardium or by direct favourable effects on pulmonary vascular remodeling. 
Therefore, this study was designed to determine the effects of EPO therapy on cardiac 
and pulmonary vascular remodeling in a rat model for flow-associated PAH.

Methods

Animals and design of the study
Forty-five male Wistar rats, weighing 315-370 gram, were obtained from Harlan 
(Zeist, the Netherlands). The experimental protocol was approved by the institu-
tional Animal Care and Use Committee. The investigation conforms to the Guide for 
the Care and Use of Laboratory Animals published by the US National Institutes of 
Health (NIH publication No. 85-23, revised 1996). 
Rats were randomly assigned to three experimental groups: 1) An experimental 
group (PAH, n = 14) in which flow-associated PAH was created as previously de-
scribed 9. Shortly, rats were subjected to a monocrotaline injection to increase pul-
monary arterial pressure (60 mg/kg, Sigma Chemical Co, St. Louis, MO, USA) fol-
lowed by induction of increased pulmonary blood flow through the creation of an 
abdominal aortocaval shunt one week later. 2) An experimental group that received 
treatment with EPO 10 μg/kg (Darbepoetin-alpha, Aranesp®, Amgen Inc., Thousand 
Oaks, CA, USA) via a single intraperitoneal injection on the day of the abdominal 
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surgery (PAH + EPO, n = 18). This dosage was chosen based on pilot experiments 
in our lab, showing a significant rise in hematocrit and is comparable to a dosage 
of 2000 IU/kg of short acting erythropoietin. 3) Rats that were subjected to sham 
surgery and saline injections served as controls (CON, n = 13).

Hemodynamic measurements
Three weeks after EPO administration, animals were anesthetized with isoflurane 
(2.0%) in a mixture of N

2
O and O

2
 (2:1). Pulmonary arterial pressures were mea-

sured using standard techniques as described by Rabinovitch 10 which are routinely 
used in our laboratory 9. If pulmonary arterial pressure could not be obtained, right 
ventricular systolic pressure was recorded as being equal to systolic pulmonary 
arterial pressure. Subsequently, a Microtip pressure transducer (Millar Instr. Inc., 
Houston, TX, USA) was inserted into the right ventricular cavity to determine right 
ventricular systolic pressure (RVSP) and right ventricular end-diastolic pressure 
(RVEDP). As index of contractility, the maximal rate of increase in right ventricular 
pressure (RVP), dP/dt

max
, was taken and corrected for RVSP (dP/dt

max
 ind). Similarly 

-dP/dt
max

 ind was calculated from the maximal rate of decrease in RVP and taken as 
index for relaxation. 
By introducing a catheter via the left carotid artery into the aorta, systemic arterial 
pressures as well as heart rate were measured.

Pulmonary vascular remodeling
After completion of hemodynamic measurements, blood samples were drawn from 
the upper abdominal aorta and caval vein and oxygen saturation was determined 
to calculate the aortocaval saturation difference. The thorax was opened and heart 
and lungs were excised. The left lung was fixated by filling the airways with 3.6% 
formalin at a pressure of 20 cm H

2
O. The right lung was frozen in liquid nitrogen 

for further molecular analysis. Pulmonary sections (5 µm thickness) were stained 
with hematoxylin-eosin and Verhoef elastin stain for morphometric analysis of vas-
cular dimensions according to a previously described protocol 9. In lung sections all 
transversally cut arteries with a diameter equal to or more than 50 micrometer (pre-
acinar arteries) and 40 randomly chosen vessels (10 in each left lung quadrant) with 
a diameter less than 50 micrometer (intra-acinar vessels) were quantatively analyzed 
at 200 and 400 times magnification using an image analysis system (Image-Pro 
plus for windows version 4.5) 9. Vessels < 50 micrometer usually do not have a 
clearly discernible internal elastic lamina. Therefore, a vascular occlusion score was 
calculated in these vessels as opposed to the calculation of a medial wall to lumen 
ratio in the larger pulmonary arteries. Occlusion was calculated in the intra-acinar 
pulmonary vessels according to the following formula: (outer vessel area – luminal 
area)/(outer vessel area).
Pulmonary arteries were excluded from measurement if they had a longest/shortest 
diameter of more than 2, an incomplete circular shape or a collapse of more than 
one quarter of the vessel wall. Muscularization of 40 small pulmonary vessels was 
assessed according to van Suylen and coworkers 11. 
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Right ventricular remodeling
The heart was divided into atria, ventricles and septum. Sections were weighed sepa-
rately and fixed in 3.6% formalin. Deparaffinized 5 µm thick transverse cardiac sec-
tions at midventricular level were stained with Gomori silver staining for analysis of 
myocyte size and with Lectin GSL staining (Sigma) of endothelial cells for analysis of 
capillary density 12;13. Image analysis (Image-Pro plus for windows, version 4.5) was 
used to measure capillary density and myocyte size. Capillary density was expressed 
as the number of capillaries per tissue area (mm2), myocyte size as the average cross-
sectional area of transversally cut myocytes at the level of the nucleus.

Gene expression
In order to determine the expression of myosin heavy chain mRNA and of angio-
genic factors, RNA was extracted from pulmonary and right ventricular tissue using 
the Qiagen RNeasy Mini Kit (Qiagen, Frankfurt, Germany). Real-time PCR experi-
ments were performed on a Gene Amp 5700 Sequence detector (Applied Biosys-
tems, Nieuwerkerk a/d IJssel, The Netherlands) as described previously 14. Primers 
were designed for vascular endothelial growth factor (VEGF) and its two receptor 
subtypes VEGF-R1 and VEGF-R2 and for alpha-myosin heavy chain and beta-myosin 
heavy chain. Respective primer sequences are provided in table 1. PCR results were 
obtained from a dilution standard curve.

Statistical analysis
Data are presented as mean ± standard error of the mean (SEM). Group differences 
were analyzed using one-way ANOVA-testing with Fisher’s protected LSD post-hoc 
testing. The non-parametric Kruskall-Wallis test was used when data were not nor-
mally distributed, followed by Mann-Whitney post-hoc testing with Bonferroni cor-
rection. Correlation analysis was performed with Pearson’s correlation test. Alpha 
was chosen to be 0.05. 

Table 1. Primer sequences for VEGF and its receptors, alpha-myosin heavy chain and beta-myosin heavy chain.

Gene Primer sequence

VEGF
F 5’-GTACCTCCACCATGCCAAGT-3’
R 5’-AATAGCTGCGCTGGTAGACG-3’

VEGF R1 (flt-1)
F 5’-GACCTGCGAAGCCACAGTTA-3’
R 5’-GTCAATCCGCTGCCTGATAG-3’

VEGF R2 (flk-1)
F 5’-GCCTTATGATGCCAGCAAGT-3’
R 5’-GCCAATGTGGATGAGGATCT-3’

Alpha-myosin heavy chain
F 5’-GGCCAATAGAATAGCCTCCAG-3’
R 5’-TCCACGATGGGCGATGTTCTC-3’

Beta-myosin heavy chain
F 5’-AGTGAAGAGCCTCCAGAGTT-3’
R 5’-TCCACGATGGGCGATGTTCTC-3’



168

Results

Animal model and treatment
Shunt surgery was performed successfully in all but five of the forty-five rats. Three 
animals died because of acute surgery-related complications, whereas two animals 
did not have a shunt at the end of the protocol, and were therefore excluded from 
further analysis. One rat in the EPO group died prematurely of unknown cause. 
Experimental animals had decreased body weights and developed dyspnea, defined 
as the use of accessory respiratory muscles, at the end of the protocol. EPO treatment 
did not alter body weight (table 2). Hematocrit was not significantly increased three 
weeks after administration in the EPO treated group (0.42 ± 0.02 vs. 0.39 ± 0.02 
in the PAH animals, p = 0.41).

Hemodynamics and cardiac function
The aortacaval saturation difference was decreased in the shunted animal groups, 
but identical between treated and untreated animals (table 2), indicating that there 
was no effect of treatment on shunt flow. Mean pulmonary arterial pressure and 
right ventricular pressure were significantly increased in the PAH group compared 
to controls. Right ventricular end diastolic pressure was also increased compared to 
controls. Systemic arterial pressure and heart rate decreased in the animal model. 

Table 2. Animal characteristics at time of sacrifice.
Data are shown as mean ± SEM. CON = control animals, PAH = experimental group, PAH + EPO = ex-
perimental animals treated with EPO, RV = right ventricle, bpm = beats per minute.  * = p < 0.05 vs. 
CON, † = p < 0.05 vs. PAH.

CON PAH PAH + EPO

Body weight at sacrifice (g) 398 ± 6 371 ± 6 * 369 ± 6 *

Arterio-venous saturation difference (%)     23.2 ± 2.8  6.4 ± 1.0 *   6.5 ± 2.1 *

      Hemodynamics

Mean pulmonary arterial pressure (mmHg)     20 ± 1  41 ± 2 *  40 ± 2 *

End diastolic pressure RV (mmHg)            3.1 ± 0.7   6.2 ± 1.0 *   7.0 ± 1.5 *

dP/dtmax ind (1/s)       97 ± 8  71 ± 2 *  77 ± 3 *

-dP/dtmax ind (1/s)    86 ± 6  73 ± 2 *  72 ± 2 *

Mean systemic arterial pressure (mmHg) 111 ± 5  83 ± 5 *  91 ± 6 *

Heart rate (bpm)   384 ± 10  309 ± 13 *  351 ± 11 †

      

       Pathology

Heart to body weight ratio (g/kg)    2.77 ± 0.05   4.19 ± 0.12 *   4.10 ± 0.13 *

Right ventricular hypertrophy (RV(LV+IVS))    0.25 ± 0.01   0.44 ± 0.02 *   0.43 ± 0.01 *
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Treatment with EPO did not significantly 
alter pulmonary or systemic arterial pres-
sures, nor did it change right ventricular 
pressures. Heart rate increased significantly 
after EPO treatment (table 2). Myocardial 

contractility, measured as indexed dP/dt, was impaired in the PAH group. EPO treat-
ment was not able to restore this impaired contractility. Similarly, impaired right 
ventricular relaxation was not altered after EPO treatment (table 2).

Cardiac weights
Experimental rats showed increased cardiac weights, as demonstrated by an increased 
organ weight to body weight ratio (table 2). Treatment with EPO did not alter total 
heart weight to body weight ratios. Right ventricular hypertrophy, expressed as right 
ventricular to left ventricular plus septal weight ratio, almost doubled in the PAH 
group, while EPO did not significantly influence this ratio (table 2). 

Pulmonary vascular remodeling
Pre-acinar pulmonary arteries (> 50 micrometer): 

In the PAH group the pre-acinar pulmonary arteries had an increased wall thickness 
and wall to lumen ratio and they increased in number in these animals. No intimal 
proliferation was observed in the pre-acinar arteries of the PAH group. Treatment 
significantly reduced wall thickness in these arteries (table 3). The increased wall to 
lumen ratio decreased by more than 50% (figure 2A). 

Intra-acinar pulmonary vessels (< 50 micrometer): 
Representative pictures of pulmonary vascular remodeling are shown in figure 1. 
The intra-acinar pulmonary vessels in the PAH group showed a decreased luminal 
diameter. Outer diameter remained similar to control animals, indicating inward re-
modeling. Increased wall thicknesses, wall to lumen ratios, and increased occlusion 
with more muscularization support this observation. Therapeutic intervention with 
EPO decreased wall thickness (table 3) and occlusion scores (figure 2B), but did not 
affect the degree of muscularization (figure 1 and 2C).  

Figure 1. Typical examples of pulmo-
nary histopathology of the intra-acinar 
pulmonary vessels. CON = control animals, 
PAH = experimental group, PAH + EPO = 
experimental animals treated with EPO.

CON PAH PAH + EPO
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Table 3. Pulmonary vascular morphometry. CON = control animals, PAH = experimental group, PAH + 

EPO = experimental animals treated with EPO. * = p < 0.05 vs. CON, † = p < 0.05 vs. PAH.

CON PAH PAH + EPO

Pre-acinar pulmonary arteries (> 50 µm)

Number per lung section   42 ± 2        64 ± 7 *  63 ± 6 *

Outer diameter (µm)   130 ± 10 118 ± 7 111 ± 6

Luminal diameter (µm) 111 ± 8   91 ± 6  91 ± 6

Wall thickness (µm)     9 ± 1        14 ± 1 *       10 ± 1†

Intra-acinar pulmonary arteries (< 50 µm)

Outer diameter (µm)   26.2 ± 0.8    26.8 ± 0.6  26.3 ± 0.6

Luminal diameter (µm)   25.0 ± 0.7       21.8 ± 0.7 *  22.3 ± 0.6 *

Wall thickness (µm)     0.6 ± 0.2          2.5 ± 0.2 *       2.0 ± 0.1 *†
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Figure 2. Pulmonary vascular remod-
eling. A) Wall to lumen ratio in the 
pre-acinar pulmonary arteries. B) 
Occlusion score of the intra-acinar 
pulmonary vessels. C) Percentage of 
the intra-acinar pulmonary vessels 
that was totally muscularized. CON = 
control animals, PAH = experimental 
group, PAH + EPO = experimental 
animals treated with EPO. * = p < 
0.05 vs. CON, † = p < 0.05 vs. PAH.
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Cardiac remodeling
Right ventricular hypertrophy was fur-
ther examined determining myocyte size.  
Myocyte cross-sectional area increased by 
50% in the PAH group. Treatment did not 
result in a significant decrease in myocyte 
size (figure 3A). 
Capillaries stained with lectin could be 
discriminated clearly within the myocar-
dium and representative examples from 
each group are shown in figure 3C. Capillary density was decreased in the PAH 
group compared to controls. Capillary density increased by 11% after EPO treatment 
(figure 3B). 

Gene expression 
Right ventricular expression of VEGF-receptor type 1 increased in the model, whereas 
VEGF expression and VEGF-receptor type 2 expression did not change. After treat-
ment, cardiac VEGF expression did not alter, nor did VEGF-receptor type 2 expres-
sion. However, therapy prevented the increase in receptor type 1 expression in the 
untreated group (figure 4A). 
Pulmonary VEGF expression was not altered in the animal model, or by EPO treatment. 
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Figure 3. Right ventricular remodeling
A) Bar graphs representing the myocyte 
cross-sectional area. B) Measurements for 
capillary density in number of capillaries per 
mm2. C) Examples of lectin stained tissue 
sections of the right ventricular wall to deter-
mine capillary density. CON = control animals, 
PAH = experimental group, PAH + EPO =  
experimental animals treated with EPO. * = 
p < 0.05 vs. control, † = p < 0.05 vs. PAH. 
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Both VEGF-receptor subtypes in pulmonary tis-
sue decreased in the model. EPO treatment re-
stored pulmonary VEGF-receptor type 2 expres-
sion to near normal levels (figure 4B), without 
affecting VEGF-receptor type 1 expression. 
Right ventricular alpha-myosin heavy chain ex-
pression decreased in the model (0.65 ± 0.08 
vs. 1.27 ± 0.08 in control animals, p < 0.001) 
but was not altered by therapy (0.65 ± 0.09, 
ns vs. PAH group). Beta-myosin heavy chain ex-
pression increased in the animal model (0.90 
± 0.05 vs. 0.31 ± 0.06 in control animals, p < 
0.001). Therapy did not influence this (1.00 ± 
0.13, ns vs. PAH group). Consequently, the ratio of beta over alpha myosin heavy chain 
expression increased in the model, without effect of therapy. 

Discussion

In this animal model for flow-associated PAH, EPO treatment ameliorated pulmo-
nary vascular remodeling and increased myocardial capillarisation, whereas these 
changes were not accompanied by a decrease in pulmonary arterial pressure, or by 
changes in right ventricular myocardial contractility.
The findings in this model are in congruency with those in models for other forms of 
pulmonary hypertension. In hypoxic pulmonary hypertensive rats, right ventricular 
to body weight ratio and right ventricular pressures were not altered by EPO treat-
ment, while pulmonary vascular remodeling ameliorated 6. In mice with increased 
EPO production, pulmonary vasoconstrictor responses in isolated perfused lungs 
were decreased, as was pulmonary vascular remodeling after a prolonged period of 
exposure to hypoxia 7;15. Thus, investigations in different animal models for pulmo-
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Figure 4. Real-time PCR for vascu-
lar endothelial growth factor (VEGF) 
and its receptors type 1 (VEGF-R1 or 
flt-1) and type 2 (VEGF-R2 or flk-1). 
A) Expression of the VEGF system in 
right ventricular tissue. B) Expres-
sion of the VEGF system in pulmonary 
tissue. CON = control animals, PAH 
= experimental group, PAH + EPO = 
experimental animals treated with EPO. 
* = p < 0.05 vs. CON, † = p < 0.05 vs. 
PAH. Results are normalized as fold 
regulation compared to control animals. 
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nary hypertension strongly indicate that EPO beneficially affects pulmonary vascular 
remodeling, without changing hemodynamics or right ventricular hypertrophy. 
Several mechanisms could be responsible for this reversal of pulmonary vascular re-
modeling. First of all, EPO administration leads to endothelial progenitor cell (EPC) 
mobilisation from the bone marrow 16;17. In vitro, EPO stimulates EPC prolifera-
tion, adhesion and differentiation 16;17. By stimulating incorporation of EPCs into 
the neo-endothelium, EPO facilitates endothelial repair 18. Accordingly, EPCs might 
be beneficial in the repair of the damaged pulmonary endothelium in PAH. In the 
monocrotaline rat model, intravenously injected EPCs have been retrieved in the 
pulmonary vasculature and are shown to prevent the monocrotaline-induced pul-
monary vascular remodeling 19;20. Literature is not conclusive though, since Sahara 
et al could not demonstrate beneficial effects of injection with unfractionated bone 
marrow derived cells on medial wall thickness in the rat 21. Recently, Satoh et al 
demonstrated that the development of increased pulmonary arterial pressure and 
of pulmonary vascular remodeling in response to hypoxia was accelerated in EPO-
receptor deficient mice compared to wild-type mice 8. The mobilization of EPCs 
and their recruitment to the pulmonary endothelium were significantly impaired 
in these animals. 
It has been suggested recently that the anti-oxidant and anti-apoptotic effects of 
EPO are dependent on JAK2 and Akt phosphorylation and may be linked with the 
activation of heme oxygenase-1 (HO-1) 22;23. HO-1 is an inducible enzyme with po-
tent anti-oxidant and anti-apoptotic activities, which are regulated by Akt-signalling. 
Decreased expression of HO-1 has been shown in human pulmonary hypertension 
24, whereas the inhibition of HO-1 has been shown to aggravate murine monocrota-
line-induced pulmonary hypertension 25 and increasing HO-1 in this model is ben-
eficial 26. HO-1 may therefore have a central role in the effects of EPO in pulmonary 
hypertension that warrants further investigation.   
Another compound that could mediate the beneficial effects of EPO administra-
tion is VEGF. Increased VEGF expression has been demonstrated specifically in the 
plexiform lesions of patients with PAH 27;28. This may suggest a role for VEGF in the 
pathogenesis of the disease. 
In vivo experiments have shown beneficial effects of VEGF in pulmonary hyper-
tension. Firstly, VEGF inhibition in newborn rats causes pulmonary hypertension 
29. Moreover, administration of human recombinant VEGF preserves endothelial 
function and reduces pulmonary vascular remodeling in a sheep model for pri-
mary pulmonary hypertension of the newborn 30;31. Gene transfer of VEGF reduced 
bleomycin-induced pulmonary hypertension in rabbits 32 and hypoxic pulmonary 
hypertension in rats 33. When VEGF-expressing vascular smooth muscle cells were 
delivered to monocrotaline-treated Fisher rats, right ventricular pressure and right 
ventricular hypertrophy decreased as did wall thickness of the pulmonary arteries 34. 
In vitro, EPO has been shown to  induce VEGF in human vascular endothelial cells 35. 
In vivo studies showed an increase in VEGF after EPO administration 36;37. Together, 
these data indicate that the beneficial effects of EPO could be mediated through a 
VEGF pathway. 
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In our model, we could not demonstrate changes in the expression of VEGF mRNA, 
three weeks after EPO administration. VEGF-receptor mRNA expression, however, 
was altered both in the model and after EPO treatment. 
VEGF-R1 is known to negatively regulate vascular formation, possibly by acting as a 
scavenger receptor in its soluble form 38;39. In contrast, VEGF-R2 signalling is impor-
tant in promoting angiogenesis 40. In our animal model, increased right ventricular 
VEGF-R1 expression suggests inhibition of VEGF-mediated vascular formation. The 
interpretation of the net effect of receptor regulation in the experimental lungs 
is more complicated, because both receptor subtypes were down regulated in the 
model compared to controls. Treatment with EPO likely stimulates VEGF-mediated 
angiogenic effects, since VEGF-R1 to VEGF-R2 expression ratio decreased after EPO 
treatment, both in the right ventricle and in the hypertensive lungs.  
In the course of PAH, right ventricular hypertrophy and failure are important de-
terminants of outcome. EPO treatment has been shown to improve cardiac function 
and to induce neovascularisation in rats with heart failure after myocardial infarc-
tion 5. In a rat model for left ventricular hypertrophy associated with chronic renal 
failure, EPO treatment seemed to increase cardiac capillary density 41. This increased 
vascular growth after EPO treatment has been correlated with the number of cir-
culating EPCs 42. Moreover, also VEGF seems to be crucial in increasing myocardial 
capillarisation, since by blocking VEGF activity, bradycardia-induced myocardial an-
giogenesis was antagonized 43. 
Question remains whether EPO could play a role in prevention of the progression of 
right ventricular hypertrophy to right ventricular failure in PAH. Although we could 
demonstrate an increase in capillary density in the hypertrophied right ventricle, 
this was not associated with an improvement in its contractility. For additional as-
sessment of the functional consequences of the altered right ventricular remodeling, 
we studied the expression of different isoforms of myosin heavy chain (MHC). Both 
the fast alpha and the slow beta myosin heavy chain are expressed in the normal 
cardiomyocyte. These two forms differ in ATP-ase activity. A shift towards more al-
pha-myosin heavy chain expression is associated with improved contractility 5;44. In 
concordance with the lack of change in contractility measurements after treatment, 
we did not find differences in the expression of alpha and beta myosin heavy chain 
between treated and untreated rats. 
Thus, cardiac remodeling improved with EPO treatment, whereas this could not be 
associated with improved right ventricular function, nor with a decrease in hyper-
trophy. A possible explanation for the effects observed could be the increased blood 
viscosity caused by EPO. Although it was initially hypothesized by Petit et al that EPO 
administration would deteriorate hypoxic pulmonary hypertension because of the 
associated polycythemia, in his experiments pulmonary arterial pressure did not in-
crease 45 and pulmonary vascular remodeling appeared to be even less pronounced 6. 
Moreover, isolated lungs from EPO treated hypoxic rats had lower pulmonary vascu-
lar resistance than saline-treated hypoxic rats when perfused with blood from nor-
mocythemic donor rats 6. This indicates that normocythemic EPO-treated animals 
could have decreased pulmonary vascular resistance and consequently less right ven-
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tricular hypertrophy. Whereas we did not find a significant difference in hematocrit 
three weeks after administration, an initial increase might have been possible 5. The 
hematopoietic effects of EPO, leading to an increased pulmonary vascular resistance 
could therefore counteract the beneficial structural effects on the heart.

Limitations
This study did not allow identifying the mechanisms through which EPO exerts 
its beneficial effects on cardiac and pulmonary vascular remodeling in our model. 
Although hematocrit and the VEGF-receptor system have been investigated three 
weeks after EPO administration, no sequential investigations were performed.
Other potential mechanisms, such as activation of EPCs or induction of HO-1, were 
not investigated. Neither was the effect of multiple doses of EPO studied. Further 
studies are needed to investigate its mechanisms in detail.  
Although in our model heart rate normalised after EPO treatment, we could not 
demonstrate a change in pulmonary hemodynamics. This might be explained by the 
fact that we have only measured pulmonary arterial pressure, and not cardiac output 
or pulmonary vascular resistance. In our shunt model, beneficial functional effects of 
the reversed pulmonary vascular remodeling after EPO might have been masked by 
an increase in pulmonary flow, leading to unchanged PAP in the presence of reduced 
pulmonary vascular resistance. More sensitive hemodynamic assessment would be 
needed to demonstrate such an effect. 

Concluding, in a rat model for flow-associated PAH, EPO causes beneficial effects on 
both cardiac and pulmonary vascular remodeling. No improved pulmonary hemo-
dynamics could be demonstrated in this study to accompany these histopathological 
changes. Molecular studies in our model suggest that the VEGF/VEGF-receptor 
system may be involved in mediating these effects of EPO. These data warrant 
further detailed studies to investigate the mechanisms through which EPO exerts its 
beneficial effects in pulmonary hypertension.
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